


















































































































































































































































































































































































































































































































































Zijklmn = µ + aiXai + diXdi + ajXaj + djXdj + aaijXai Xaj




2,  if i =WW
1,  if i =Ww






0,  if i =WW
1,  if i =Ww









































































VA = 2pq[a + d(q − p)]




genetic	effects,	 a! 	and	 d! ,	but	even	if	unbiased,	these	estimates	will	be	encumbered	with	
estimation	error:	
â = a + γ a 	 	 	 	 	 (eqn.	3a)	
d̂ = d + γ d 	 	 	 	 	 (eqn.	3b)	
Here,	theγ are	residuals;	random	variables	with	mean	0	and	a	variance	contingent	on	
experimental	design	(e.g.	sample	sizes).		If	direct	substitution	is	used	to	estimate	VA,	i.e.	
V̂A = 2pq[â + d̂(q − p)]
2 ,	bias	is	introduced:		
E[V̂A ]= 2pq[a + d(q − p)]
2 + 2pq(Var[γ a ]+ 2(q − p)Cov[γ a ,γ d ]+ (q − p)
2Var[γ d ]) 		(eqn.	4)	
The	second	term	of	the	sum,	involving	the	estimation	variances	(Var[γ a ],Var[γ d ] )	and	the	




* =V! A − 2pq(sa
2 + 2(q − p)sad + (q − p)
2 sd
2 ) 			 	 (eqn.	5)	
	 18	
where	 sa
2 		is	the	estimated	variance	of	γ a 	(the	squared	standard	error	of	 â ),	 sd
2 		is	the	











ẐG ,u = b̂iXi,u
i=1
B
∑ 		 	 	 	 (eqn.	6)	




V̂G =Var[ẐG ]= E[ẐG
2 ]− E[ẐG ]





2 ]= FuẐG ,u
2
u∈Ω







2 = (X1b̂1 + X2b̂2...)(X1b̂1 + X2b̂2...) = X1
2b̂1












2 * = X1
2b1
2 + X1X2b1b2 + ...= X1
2 (b̂1
2 − sb̂1
2 )+ X1X2 (b̂1b̂2 − sb̂1b̂2 )+ ... 	(eqn.	10)	
More	generally,	
ZG






∑ Xk (b̂ib̂k − sb̂ib̂k ) 			 	 	 (eqn.	11)	




































∑ pkqkα k2 		 	 	 	 (eqn.	14)	
where	α k 	is	the	average	effect	of	the	allele	with	frquency	 pk 	at	locus	k.		The	average	effect	
is	α k =α k ,1 −α k ,2 ,	where		
α k ,1 = pkE[Z |WkWk ]+ qkE[Z |Wkwk ] 	 	 (eqn.	15)	
and	
α k ,2 = pkE[Z |Wkwk ]+ qkE[Z |wkwk ] 	 	 (eqn.	16)	
Here,	E[Z |WkWk ] 	is	the	mean	phenotype	across	all	multi-locus	genotypes	that	are	
homozygous	for	allele	1	at	locus	k,	E[Z |Wkwk ] 	is	the	corresponding	conditional	mean	for	


































































































Trait	 Model	 AIC	 LogLike	 X2	 P-value	
Pist	 Reduced	 31463	 -15713	 87.433	 0.0002	
Pist	 Full	 31464	 -15669	 	 	
SA	 Reduced	 20613	 -10288	 146.3	 <0.0001	
SA	 Full	 20555	 -10215	 	 	
CW	 Reduced	 42092	 -21027	 80.123	 0.0007	
CW	 Full	 42099	 -20987	 	 	
DTF	 Reduced	 52782	 -26372	 65.823	 0.0182	






































































Epistasis	 No	Epistasis	 Epistasis	 No	Epistasis	
DTF	
Va	 0.62	(0.57)	 0.11	(0.07)	 0.38	(0.51)	 0.04	(0.07)	
Vg	 0.99	(0.68)	 0.01	(0.05)	 0.67	(0.73)	 -0.01	(0.06)	
Va/Vg	 0.6	 --	 0.57	 --	
CW	
Va	 0.23	(0.14)	 0.29	(0.11)	 0.16	(0.13)	 0.18	(0.1)	
Vg	 0.36	(0.13)	 0.41	(0.12)	 0.21	(0.16)	 0.23	(0.12)	
Va/Vg	 0.64	 0.71	 0.74	 0.77	
SA	
Va	 0.03	(0.02)	 0.03	(0.01)	 0.02	(0.02)	 0.02	(0.01)	
Vg	 0.06	(0.02)	 0.03	(0.01)	 0.03	(0.03)	 0.01	(0.01)	
Va/Vg	 0.61	 1.05	 0.78	 1.04	
Pist	
Va	 0.14	(0.07)	 0.08	(0.04)	 0.09	(0.07)	 0.05	(0.03)	
Vg	 0.17	(0.07)	 0.11	(0.04)	 0.11	(0.08)	 0.06	(0.04)	
Va/Vg	 0.80	 0.78	 0.82	 0.82	
	 	 	 	 	 	
	 	 	 	 	 	
DTF	
Va	 1.19	(0.57)	 0.25	(0.06)	 0.79	(0.55)	 0.14	(0.08)	
Vg	 2.51	(0.95)	 0.28	(0.06)	 1.47	(0.95)	 0.15	(0.08)	
Va/Vg	 0.47	 0.9	 0.54	 0.92	
CW	
Va	 0.37	(0.14)	 0.32	(0.11)	 0.25	(0.13)	 0.2	(0.1)	
Vg	 0.74	(0.17)	 0.47	(0.13)	 0.41	(0.19)	 0.27	(0.13)	
Va/Vg	 0.50	 0.68	 0.63	 0.75	
SA	
Va	 0.05	(0.02)	 0.03	(0.01)	 0.03	(0.02)	 0.02	(0.01)	
Vg	 0.1	(0.03)	 0.03	(0.01)	 0.05	(0.03)	 0.02	(0.01)	
Va/Vg	 0.50	 0.93	 0.66	 0.94	
Pist	
Va	 0.19	(0.08)	 0.09	(0.04)	 0.13	(0.08)	 0.06	(0.03)	
Vg	 0.32	(0.1)	 0.13	(0.04)	 0.19	(0.1)	 0.08	(0.04)	




































MSE	 Std.	Bias	 MSE	 Std.	Bias	
	 	
Corr.	 Unc.	 Corr.	 Unc.	 Corr.	 Unc.	 Corr.	 Unc.	
DTF	
Vg	 0.07	 0.12	 -0.04	 0.35	 0.17	 0.24	 0.00	 0.26	
Va	 0.12	 0.12	 -0.04	 0.33	 0.23	 0.31	 0.01	 0.28	
CW	
Vg	 0.07	 0.15	 -0.01	 0.27	 0.27	 0.39	 -0.04	 0.35	
Va	 0.07	 0.09	 -0.01	 0.13	 0.30	 0.41	 -0.04	 0.33	
SA	
Vg	 0.10	 0.18	 -0.02	 0.27	 0.51	 1.16	 -0.03	 0.76	
Va	 0.18	 0.24	 0.00	 0.20	 0.79	 1.38	 -0.04	 0.80	
Pist	
Vg	 0.06	 0.11	 -0.03	 0.23	 0.17	 0.33	 -0.02	 0.40	












































































































































































































































































































































Zijkl = µ +α i + β j +Yk + Fl +αβij +αYik + βYjk +αβYijk 	 	 (equation	17)
	
where	α i 	is	the	effect	of	QTL	x10a,	β j 	is	the	effect	of	QTL	x5b,	Yk 	is	the	effect	of	year,	Fkl 	
represents	the	effect	of	the	flat,	and	all	subsequent	terms	represent	interactions	between	
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Year	 52.56	 1	<	0.0001	 24.684	 		 Year	 3.06	 1	 0.0804	 0.331	
x10a	 23.97	 2	<	0.0001	 4.221	 		 x10a	 6.20	 2	 0.0450	 0.444	
x5b	 13.46	 2	 0.0012	 2.777	 		 x5b	 0.62	 2	 0.7325	 0.266	
x10a*x5b	 24.61	 4	<	0.0001	 6.059	 		 x10a*x5b	 4.69	 4	 0.3210	 0.529	
Days	to	Flower	 		 Pedicle	Length	
Year	 2.85	 1	 0.0912	 0.599	 		 Year	 4.83	 1	 0.0279	 0.055	
x10a	 6.64	 2	 0.0362	 0.740	 		 x10a	 31.53	 2	<	0.0001	 0.017	
x5b	 0.48	 2	 0.7856	 4.794	 		 x5b	 6.59	 2	 0.0371	 4.321	
x10a*x5b	 12.15	 4	 0.0163	 1.237	 		 x10a*x5b	 39.28	 4	<	0.0001	 1.647	
x10a*Year	 6.27	 2	 0.0436	 0.093	 		 x10a*Year	 24.88	 2	<	0.0001	 0.404	
x5b*Year	 2.03	 2	 0.3626	 0.650	 		 x5b*Year	 13.69	 2	 0.0011	 1.736	
x10a*x5b*Year	 11.65	 4	 0.0201	 0.959	 		 x10a*x5b*Year	 26.60	 4	<	0.0001	 2.164	
Corolla	Width	 		 Internode	Length	
Year	 57.43	 1	<	0.0001	 5.325	 		 Year	 52.24	 1	<	0.0001	 6.851	
x10a	 5.17	 2	 0.0752	 0.501	 		 x10a	 2.64	 2	 0.2675	 0.312	
x5b	 1.20	 2	 0.5482	 0.278	 		 x5b	 3.49	 2	 0.1743	 0.778	
x10a*x5b	 2.96	 4	 0.5652	 0.196	 		 x10a*x5b	 27.60	 4	<	0.0001	 1.591	
x10a*Year	 6.57	 2	 0.0374	 0.436	 		 x10a*Year	 6.57	 2	 0.0375	 0.390	
Pistil	Length	 		 Node	
Year	 37.46	 1	<	0.0001	 3.898	 		 Year	 38.71	 1	<	0.0001	 9.039	
x10a	 4.81	 2	 0.0901	 0.140	 		 x10a	 1.81	 2	 0.4043	 0.465	
x5b	 2.65	 2	 0.2656	 0.352	 		 x5b	 12.03	 2	 0.0024	 4.335	
x10a*x5b	 2.49	 4	 0.6464	 0.170	 		 x10a*x5b	 55.17	 4	<	0.0001	 3.651	
x10a*Year	 7.15	 2	 0.0281	 0.482	 		 x10a*Year	 12.14	 2	 0.0023	 0.695	
	 	 	 	 	


































































































































































































































Oregon:	Quarry (44.3454243 N, –122.1362023 W; Elevation ~1200 meters), IM (44.402217 N, 
































































E[xE − xL ]= 0 	 	 						(equation	18)	






















































µ̂ = xEwE + xLwL





















































(v13E + v14E + v14L )x13L + (x13E − x14E + x14L )v13L





(v13E + v13L + v14E )x14L + (x14E − x13E + x13L )v14L
(v13E + v13L + v14E + v14L ) 	 (equation	24)
	
	
α = (v14E + v14L )(x13E − x13L )+ (v13E + v13L )(x14E − x14L )



















































































































































































































































































































































































































































































































































































































































































































































































x10a	 a	 0.009	 -0.152**	 0.101	 0.018	d	 0.654***	 0.17*	 -0.004	 -0.051	
x9	 a	 0.404***	 0.285***	 0.166	 0.268***	d	 0.108	 0.388***	 -0.111	 -0.034	
x1	 a	 -0.076	 -0.099*	 0.144	 0.09***	d	 0.109	 -0.166*	 -0.051	 -0.083	
x5a	 a	 0.191*	 -0.064	 -0.598**	 0.017	d	 -0.04	 -0.102	 -0.022	 -0.025	
x5b	 a	 -0.575***	 -0.037	 0.227	 -0.023	d	 0.092	 0.034	 0.367	 -0.076	
x10b	 a	 0.362***	 0.187***	 0.371*	 -0.043	d	 0.794***	 -0.106	 0.111	 0.03	







QTL	Pair	 Parameter	 CW	 Pistil	 DTF	 SA	
x10a	&	x1	
aa	 -0.035	 0.099*	 0.172	 -0.015	
ad	 0.171	 0.177*	 -0.49	 -0.013	
da	 -0.162	 0.009	 -0.52	 -0.033	
dd	 -0.027	 -0.048	 1.083	 0.085	
x10a	&	x5a	
aa	 -0.02	 0.005	 -0.039	 0.005	
ad	 0.436**	 0.236*	 -0.296	 0.094*	
da	 -0.058	 0.02	 -0.256	 0.119*	
dd	 -0.529	 -0.259	 -0.585	 0.047	
x10a	&	x5b	
aa	 0.181*	 0.136*	 -0.285	 0.081**	
ad	 0.246	 0.092	 0.03	 0.052	
da	 -0.027	 -0.038	 -0.343	 0.041	
dd	 -0.071	 0.186	 -0.21	 0.266*	
x10a	&	x8	
aa	 -0.04	 -0.017	 -0.184	 -0.043*	
ad	 0.012	 0.113	 -0.825**	 -0.014	
da	 0.068	 0.19*	 -0.887**	 0.076	
dd	 -0.49	 -0.361*	 0.563	 -0.012	
x9	&	x1	
aa	 0.095	 0.102*	 0.063	 0.106***	
ad	 -0.217	 0.015	 -0.316	 0.118*	
da	 0.269	 0.035	 -0.7*	 -0.048	
dd	 0.194	 0.026	 0.268	 0.15	
x9	&	x5a	
aa	 -0.089	 -0.09*	 0.066	 -0.085**	
ad	 -0.048	 0.107	 -0.309	 -0.032	
da	 0.297	 0.11	 -0.046	 0.094	
dd	 0.112	 -0.194	 0.69	 0.045	
x9	&	x5b	
aa	 -0.14*	 -0.034	 -0.096	 -0.068**	
ad	 0.121	 0.263**	 -0.365	 0.064	
da	 -0.045	 -0.128	 0.141	 -0.109*	
dd	 0.201	 -0.237	 0.247	 -0.06	
x9	&	x8	
aa	 -0.015	 0.149**	 -0.403*	 -0.002	
ad	 -0.254	 -0.156	 0.214	 -0.1*	
da	 0.161	 -0.091	 0.481	 0.044	
dd	 0.207	 -0.055	 -0.903	 0.273*	
x1	&	x5b	
aa	 0.084	 0.026	 0.223	 -0.027	
ad	 -0.05	 0.066	 -0.631*	 -0.038	
da	 -0.179	 0.024	 0.213	 -0.008	
dd	 -0.337	 0.024	 -0.558	 0.135	
x1	&	x10b	 aa	 -0.045	 -0.027	 -0.283*	 -0.045*	
	 103	
ad	 -0.179	 -0.192*	 0.436	 -0.029	
da	 -0.118	 -0.147	 -0.071	 0.078	
dd	 -0.279	 -0.196	 -0.415	 -0.117	
x10b	&	x8	
aa	 -0.158*	 -0.14**	 -0.242	 0.048*	
ad	 0.23	 0.092	 0.01	 0.004	
da	 -0.256	 0.031	 -0.064	 -0.083	



























































	 	 	 	 	 	Effect	1	 Effect	2	 Correlation	 Count		 Lower	95%	 Upper	95%	 P-value	
Pist	 CW	 0.465	 58	 0.2349	 0.6458	 0.0002	
DTF	 CW	 -0.0039	 58	 -0.2619	 0.2546	 0.9768	
DTF	 Pist	 -0.2844	 58	 -0.5055	 -0.0281	 0.0305	
SA	 CW	 0.2082	 58	 -0.0529	 0.4427	 0.1167	
SA	 Pist	 0.2865	 58	 0.0305	 0.5073	 0.0292	








	 	 	 	 	 	Trait	1	 Trait	2	 Correlation	 Count	 Lower	95%	 Upper	95%	 P-value	
CWmm	 day1	 0.2997	 10430	 0.2821	 0.3171	<.0001	
SA_mm	 day1	 -0.0689	 10027	 -0.0884	 -0.0494	<.0001	
SA_mm	 CWmm	 0.1646	 10045	 0.1455	 0.1836	<.0001	
pist_mm	 day1	 0.2433	 10125	 0.2249	 0.2615	<.0001	
pist_mm	 CWmm	 0.4656	 10144	 0.4502	 0.4807	<.0001	

























































































Trait	 Term	 Chi-squared	DF	 P-value	
Days	to	Flower	 QTL1	 5.4307	 2	 0.06618	
Days	to	Flower	 QTL2	 1.5088	 2	 0.47029	
Days	to	Flower	 QTL1:QTL2	 12.4536	 4	 0.01428	
	 	 	 	 	Internode	Length	 QTL1	 10.9378	 2	 0.004216	
Internode	Length	 QTL2	 2.0664	 2	 0.355858	
Internode	Length	 QTL1:QTL2	 7.502	 4	 0.111623	
	 	 	 	 	Pedicle	Length	 QTL1	 0.3495	 2	 0.8397	
Pedicle	Length	 QTL2	 0.0765	 2	 0.9625	
Pedicle	Length	 QTL1:QTL2	 1.4785	 4	 0.8304	
	 	 	 	 	Pistil	Length	 QTL1	 25.651	 2	 2.69E-06	
Pistil	Length	 QTL2	 29.956	 2	 3.13E-07	
Pistil	Length	 QTL1:QTL2	 37.278	 4	 1.58E-07	
	 	 	 	 	Corolla	Width	 QTL1	 13.757	 2	 0.00103	
Corolla	Width	 QTL2	 41.951	 2	 7.77E-10	






















(Intercept)	 225.15	 1	 <0.00001	
QTL1	 216.169	 2	 <0.00001	
QTL2	 77.655	 2	 <0.00001	
Year	 13.148	 1	 0.0002878	











Term	 Chi-Square	 DF	 P-value	 Term	 Chi-Square	 DF	 P-value	
Days	to	Flower	 Pistil	Length	
QTL1	 32.389	 2	 9.26E-08	QTL1	 0.1498	 2	 0.9278256	
QTL2	 3.5919	 2	 0.1659707	QTL2	 2.9463	 2	 0.2292074	
Env	 377.1847	 1	<2.20E-16	 Env	 21.2921	 1	 3.94E-06	
QTL1:QTL2	 22.1687	 4	 0.0001855	QTL1:QTL2	 3.031	 4	 0.5526566	
QTL1:Env	 11.7379	 2	 0.0028259	QTL1:Env	 9.4835	 2	 0.0087234	
QTL2:Env	 2.9668	 2	 0.2268606	QTL2:Env	 23.5033	 2	 7.88E-06	
QTL1:QTL2:Env	 3.4862	 4	 0.4799803	QTL1:QTL2:Env	 19.4889	 4	 0.0006298	
Internode	Length	 Corolla	Width	
QTL1	 19.4493	 2	 5.98E-05	QTL1	 4.3114	 2	 0.11582	
QTL2	 2.1468	 2	 0.341838	QTL2	 1.3858	 2	 0.50011	
Env	 0.6157	 1	 0.432645	Env	 20.5311	 1	 5.87E-06	
QTL1:QTL2	 17.3818	 4	 0.001629	QTL1:QTL2	 3.81	 4	 0.43233	
QTL1:Env	 11.5745	 2	 0.003066	QTL1:Env	 4.909	 2	 0.08591	
QTL2:Env	 1.4474	 2	 0.484966	QTL2:Env	 25.6336	 2	 2.72E-06	
QTL1:QTL2:Env	 4.9565	 4	 0.291785	QTL1:QTL2:Env	 5.9607	 4	 0.2021	
Pedicle	Length	 		
	 	 	QTL1	 9.6948	 2	 0.0078488			
	 	 	QTL2	 3.8602	 2	 0.1451304			
	 	 	Env	 7.0144	 1	 0.0080858			
	 	 	QTL1:QTL2	 21.431	 4	 0.0002601			
	 	 	QTL1:Env	 2.08	 2	 0.3534502			
	 	 	QTL2:Env	 0.2774	 2	 0.8704724			































































































































































Test	 P-cutoff	for	FDR	0.1	 NumSig	 NumTests	 Prop.sig	
OmniY	 0.000112267	 6249	 5565379	0.001122835	
OmniP	 0.060793629	 3449927	 5674805	0.607937541	
OmniB	 0.000159407	 10985	 6888629	0.001594657	
IM	Y	 2.85E-05	 1105	 3880525	0.000284755	
IM	B	 1.87E-05	 909	 4828660	0.000188251	
IM	Y*B	 4.42E-06	 154	 3458706	4.45253E-05	
Q	Y	 9.49E-05	 4030	 4237533	0.000951025	
Q	B	 0.000160195	 8808	 5497820	 0.00160209	
Q	Y*B	 6.76E-06	 262	 3840040	6.82285E-05	






Pop	 Bulk	 Year	 Collection.Date	MedianDepth	LibPrepVar	
BR	 Early	 2013	June	11	to	17	 42	 0.02038163	
BR	 Late	 2013	July	3	to	8	 38	0.021624611	
BR	 Early	 2014	 6-Jun	 20	0.025826066	
IM	 Early	 2013	June	21	to	25	 40	0.012374074	
IM	 Late	 2013	July	13	to	18	 59	0.013591486	
IM	 Early	 2014	 14-Jun	 49	0.014762537	
IM	 Late	 2014	 16-Jul	 50	 0.02189802	
Q	 Early	 2013	June	17	to	25	 45	0.014286642	
Q	 Late	 2013	 19-Jul	 37	 0.0145339	
Q	 Early	 2014	 9-Jun	 49	0.015992555	
Q	 Late	 2014	 14-Jul	 48	0.027969425	
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Appendix	25—Enriched	Gene	Ontology	terms	for	the	test	of	allele	frequency	divergence	
among	populations.	
GO-ID	 Term	
GO:0009056	catabolic	process	
GO:0009653	anatomical	structure	morphogenesis	
GO:0009791	post-embryonic	development	
GO:0030154	cell	differentiation	
GO:0006629	lipid	metabolic	process	
GO:0016043	cellular	component	organization	
GO:0019748	secondary	metabolic	process	
GO:0000003	reproduction	
GO:0005829	cytosol	
GO:0006520	cellular	amino	acid	metabolic	process	
GO:0009719	response	to	endogenous	stimulus	
GO:0005975	carbohydrate	metabolic	process	
GO:0005654	nucleoplasm	
GO:0003700	transcription	factor	activity,	sequence-specific	DNA	binding	
GO:0005794	Golgi	apparatus	
GO:0005886	plasma	membrane	
GO:0009628	response	to	abiotic	stimulus	
GO:0009856	pollination	
GO:0003682	chromatin	binding	
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GO:0008219	cell	death	
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Appendix	26--	Venn	diagrams	depicting	whether	sites	are	polymorphic	in	one	or	more	of	
the	populations.		Left:	sites	deemed	significant	for	a	test	of	either	bulk,	year,	or	population.		
Right:	sites	deemed	not	significant.		Sites	that	are	not	polymorphic	in	any	population	are	
fixed	for	alt	in	one	or	two	of	the	populations	
	
	
	
